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Axonal Remodeling and Synaptic Differentiation
in the Cerebellum Is Regulated by WNT-7a Signaling
becomes multilobulated as it interdigitates with GC den-
drites (Hamori and Somogyi, 1983). The increase in
mossy fiber surface area permits the formation of multi-
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King's College London ple synaptic sites between one mossy axon and many
GCs. GCs also contact and form ªen passantº synapses26-29 Drury Lane
London WC2B 5RL at sites along the mossy fiber axon (Hamori and Somo-
gyi, 1983) (Figure 1A). Studies on the GC-deficientUnited Kingdom
mouse mutants, weaver and meander tail, indicate that
GC factors are important for glomerular rosette forma-
tion (Sotelo, 1975; Eisenman and Arlinghaus, 1991). The
Summary
identity of these factors remains elusive. WNT-7a, an
axonal remodeling signal, is expressed by GCs as they
Synapse formation requires changes in cell morphol-
contact mossy fibers (Lucas and Salinas, 1997) and so
ogy and the upregulation and localization of synaptic
could play a role in rosette development.
proteins. In the cerebellum, mossy fibers undergo ex-
WNT factors are a family of secreted signaling mole-
tensive remodeling as they contact several granule
cules best known for their role in controlling early cell
cells and form complex, multisynaptic glomerular ro-
fate decisions and embryonic patterning. Based on
settes. Here we show that granule cells secrete factors
studies in various developmental systems, a model of
that induce axon and growth cone remodeling in
WNT signaling has been proposed. Binding of WNT to
mossy fibers. This effect is blocked by the WNT antag-
its seven pass transmembrane receptor protein, Frizzled
onist, sFRP-1, and mimicked by WNT-7a, which is ex-
(Fz), leads to activation of Disheveled, resulting in the
pressed by granule cells. WNT-7a also induces synap-
inhibition of a serine/threonine kinase, GSK-3b, and in
sin I clustering at remodeled areas of mossy fibers,
the subsequent accumulation and nuclear translocation
a preliminary step in synaptogenesis. Wnt-7a mutant
of b-catenin. In the nucleus, b-catenin activates TCF-
mice show a delay in the morphological maturation of
mediated transcription resulting in cell fate changes (for
glomerular rosettes and in the accumulation of synap-
review, see Cadigan and Nusse, 1997). Evidence for
sin I. We propose that WNT-7a can function as a synap-
divergent pathways downstream of Fz has been pre-
togenic factor.
sented (Slusarski et al., 1997; Sheldahl et al., 1999). WNT
signaling can also have a more direct effect on cell shape
Introduction and cell fate via cytoskeletal reorganization (Rocheleau
et al., 1997; Thorpe et al., 1997; Schlesinger et al., 1999).
The formation of synaptic connections requires precise For example, genetic studies in Drosophila show that
coordination of pre- and postsynaptic neurons. Axons the small GTPases, RhoA and Rac, lay downstream of
are guided to their target by the combinatorial action the Fz2Disheveled signaling pathway to regulate planar
of signaling molecules (Tessier-Lavigne and Goodman, cell polarity (Strutt et al., 1997), and in vitro studies show
1996; Winberg et al., 1998; Mueller, 1999). On encoun- that WNT signaling via GSK-3b induces microtubule re-
tering their synaptic partners, axons cease to extend organization (Lucas et al., 1998).
and the morphology of the growth cone changes as Recent studies suggest that WNT factors play a role
synapses develop. Studies of the vertebrate neuromus- in the formation of neuronal connections. First, overex-
cular junction have shed light on the mechanisms and pression of the Drosophila Wnt gene, DWnt-3, encoding
molecules involved in the formation of peripheral syn- a protein localized to axonal processes, disrupts com-
apses (Sanes and Lichtman, 1999). The formation of missural axon tracts (Fradkin et al., 1995). Second, sev-
central synapses, in contrast, is poorly understood. Sev- eral mouse Wnt genes are expressed in postmitotic
eral intracellular proteins involved in clustering of central neurons during periods of axonal extension and synap-
neurotransmitter receptors and ion channels have been togenesis (Salinas et al., 1994; Lucas and Salinas, 1997)
identified (Kuhse et al., 1995; O'Brien et al., 1998); how- (Figure 1A). Third, WNT-7a, which is expressed by
ever, the signals involved in pre- and postsynaptic differ- cerebellar GCs, induces axonal remodeling in cerebellar
entiation remain elusive. granule neurons in vitro, a process characterized by
The cerebellar glomerular rosette is a multisynaptic shortening of the axon, axonal spreading, axonal branch-
structure formed between a mossy fiber axon and den- ing, and increased growth cone size (Lucas and Salinas,
drites from numerous cerebellar granule cell neurons 1997). WNT-7a induces axonal remodeling by inhibiting
(GCs). Mossy fibers, which originate from several extra- the activity of GSK-3b (Lucas and Salinas, 1997), a ki-
cerebellar sources, have a relatively smooth morphology nase highly expressed in the CNS (Takahashi et al.,
as they enter the cerebellar cortex (Mason and Gregory, 1994). GSK-3b directly phosphorylates several micro-
1984). However, upon contact with GCs, the mossy fiber tubule-associated proteins such as Tau, MAP-1B, and
growth cone increases in size and surface area and MAP-2 involved in microtubule stabilization (Hanger et
al., 1992; Lucas et al., 1998; Sanchez-Martin et al., 1998).
WNT-7a induces a decrease in the GSK-3b phosphory-* To whom correspondence should be addressed (e-mail: patricia.
salinas@kcl.ac.uk). lated form of MAP-1B with a concomitant unbundling
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Figure 1. Expression of WNT-7a in Granule Cells Coincides with Mossy Fiber Axonal Remodeling
(A) Wnt-7a is expressed during the formation of MF-GC synapses. At P6, GC progenitors in the EGL begin to differentiate into postmitotic
cells (dark). These GCs become bipolar and the cell body migrates to the IGL. MFs (light gray), originating outside the cerebellum, wait in the
IGL to make synaptic contacts with GCs. At P12, GCs have begun to contact MFs in the IGL. The MF morphology becomes more complex
and spread areas develop along the axon shaft. By P22, most GCs have migrated to the IGL and formed synapses with MFs. Multisynaptic
structures, called glomerular rosettes (GR), form between one MF and numerous GCs. GC dendrites interdigitate with MFs to form multilobulated
glomeruli. Wnt-7a is expressed at low levels in GCs as they extend processes and migrate from the EGL to the IGL at P6. Wnt-7a expression
reaches a peak as most GCs make synapses with MFs at P22. EGL, external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL,
internal granular layer; MF, mossy fiber; GC, granule cell; GR, glomerular rosette.
(B±I) GC-conditioned medium (CM) induces axonal and growth cone remodeling in MFs. MF morphology under different conditions was
revealed by GAP-43 immunolabeling.
(B, D, F, and H) In DRG CM, MFs are thin, simple, with small growth cones (arrowheads) and defasciculated.
(C, E, G, and I) In GC CM, MFs have enlarged growth cones (arrowheads) (C), spread areas (arrows) (E), numerous branches (G), and are
thicker and fasciculated (I). Bar, 10 mm for (B±G) and 25 mm for (H and I).
of stable microtubules from spread areas of the axon 7a mimics the effect of GC-conditioned medium by in-
ducing axonal remodeling. Second, secreted Frizzled-(Lucas et al., 1998). Subsequently, WNT-7a increases
the level of synapsin I at these spread areas, a process related protein-1 (sFRP-1), a WNT antagonist, blocks
much of the axonal remodeling activity of GCs. Finally,also mediated by GSK-3b. These findings suggest that
WNT-7a, by regulating GSK-3b activity, induces axonal the Wnt-7a mutant mouse has simpler, less mature glo-
merular rosettes at early postnatal stages. WNT-7a in-remodeling and the initiation of synaptogenesis during
cerebellar development. duces the clustering of synapsin I, a presynaptic protein,
in cultured mossy fibers. Conversely, the Wnt-7a mutantHere we have tested whether WNT-7a, expressed by
GCs, is involved in mossy fiber GC synaptogenesis. We shows a delay in the accumulation of synapsin I at the
glomerular rosette. These results indicate that WNT-7a,show that GCs secrete factors that induce axonal re-
modeling in mossy fibers. By three independent ap- produced by GCs, acts as a synaptogenic factor in vivo
by regulating axon morphology and the accumulationproaches, we have identified WNT-7a as a GC factor
involved in mossy fiber axonal remodeling. First, WNT- of synaptic proteins.
WNT-7a and Neuronal Remodeling
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Results
Cerebellar Granule Cells Release Soluble Factor(s)
that Induce Mossy Fiber Axonal Remodeling
In Vitro
Mossy fiber axons change their morphology as they
come into contact with GCs (Hamori and Somogyi,
1983); they develop enlarged growth cones and in-
creased spreading along the axon shaft conferring their
moss-like appearance. Several studies have suggested
that this process depends on signals produced by GCs
(Sotelo, 1975; Eisenman and Arlinghaus, 1991). To begin
to identify the factors that regulate this process, we first
tested whether GCs secrete factors that can influence
mossy fiber morphology. Pontine explants, our source
of mossy fibers, were stained for GAP-43 to reveal their
morphology. Control dorsal root ganglion (DRG) condi-
tioned medium induces no significant alterations in
mossy fiber morphology compared to serum-free me-
dium (i.e., mossy axons are thin with small and simple
growth cones) (Figures 1B, 1D, 1F, and 1H). In contrast,
GC-conditioned medium induces axonal thickening, en-
largement of growth cones, spreading at regions along
the axon shaft, axonal branching, and axon fasciculation
(Figures 1C, 1E, 1G, and 1I). GC-conditioned medium
induces a 42% increase in mossy fiber axon size (p ,
0.05) due to thickening of the axon shaft, lengthening
of filapodia, and the presence of several spread regions
along the axon (Figures 1B and 1C). In GC-conditioned
medium, growth cones are 45% larger than those of
control cells (p , 0.05) (Figure 2E). These enlarged
growth cones are also more complex (i.e., more irregular
in shape) than controls (Figures 1C and 2F). To measure
the complexity of the growth cone, we used the equation
(perimeter)2/area (P2A value) (Bowie and Young, 1977);
increasingly complex growth cones have increasing P2A
values. Hereafter, axonal or growth cone P2A values will
be referred to simply as ªcomplexityº. Growth cones of
mossy fibers grown in GC-conditioned medium have an
average complexity of 67.7 6 7.1; whereas growth cones
of control mossy fibers have a complexity value of only
36.0 6 3.4 (Figure 2F). These experiments demonstrate
that GCs secrete factors that can induce axon and
growth cone remodeling in their synaptic partners,
mossy fibers.
(E and F) Quantification of MF growth cone size and complexity
when grown in the presence of GC CM and WNT-7a CM. Values
are mean 6 SEM from three experiments, at least 50 neurons mea-
sured in each condition.
(G and H) MFs grown in the presence of GC CM diluted with control
GFP CM have large growth cones and thicker axons (G). Addition
of sFRP-1 to GC CM reduces axonal spreading and the size of MF
Figure 2. Granule Cell Axonal Remodeling Is Mimicked by WNT-7a growth cones (H). Bar, 25 mm.
and Blocked by sFRP-1 (I and J) MFs grown in the presence of WNT-7a diluted with control
(A and B) MFs grown on monolayers of mock-transfected (A) or GFP CM have large growth cones and spread areas along the axon
WNT-7a transfected cells (B). WNT-7a induces thickening of the (I). Addition of sFRP-1 to WNT-7a CM blocks the axonal remodeling
axon shaft, axonal spreading, and enlarged, complex growth cones. activity of WNT-7a (J).
(C and D) MFs cultured in control GFP-transfected cell CM have (K and L) Quantification of MF growth cone size and complexity
relatively thin, simple axons and small, simple growth cones (C). In when cultured in the presence of GC CM or WNT-7a with or without
the presence of soluble WNT-7a (D), MFs have thicker axons with sFRP-1. Values are mean 6 SEM from three sFRP-blocking experi-
spread regions (arrows) and large, complex growth cones (arrow- ments, 25±50 neurons measured in each condition from each exper-
heads). iment.
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WNT-7a Affects Mossy Fiber Morphology
We recently showed that Wnt-7a is expressed by GCs
during the period of mossy fiber remodeling (Lucas and
Salinas, 1997). This finding led us to test whether
WNT-7a can induce axonal remodeling in mossy fibers.
Pontine explants were cultured on monolayers of a
mock-transfected or Wnt-7a-expressing cell line. Mossy
fibers grown on the control monolayer have a relatively
smooth axon and small growth cones (Figure 2A). In
the presence of WNT-7a, mossy axons show a 36% in-
crease in axonal area because numerous filapodia and
spread regions develop along their length (Figure 2B).
The growth cones become larger and more complex in
the presence of WNT-7a (Figures 2A and 2B). These
changes were observed in approximately 70% of axons.
These findings show that GC-conditioned medium and
WNT-7a induce similar axonal changes in mossy fiber
axons.
We then examined whether WNT-7a presented as a
soluble factor induces axonal remodeling. Mossy fibers
cultured in control medium have a similar morphology
to mossy fibers grown in SFM (Figure 2C). In contrast,
soluble WNT-7a induces thickening of the axon shaft
and spreading at regions along the axon (Figure 2D).
Axonal area is increased by 30% in the presence of
Figure 3. Soluble WNT-7a Leads to a Reorganization of Axonal Mi-
soluble WNT-7a and growth cones are 30% larger than crotubules in Mossy Fibers
control growth cones (p , 0.05) (Figure 2E). Some (A±C) MFs grown in control medium and double labeled with anti-
growth cones become very large in the presence of GAP-43 (A) and anti-acetylated tubulin (B), merged image (C) reveal
that stable microtubules form thin bundles along the axon shaft.WNT-7a (Figure 2D). Growth cones are more complex
(D±F) In the presence of WNT-7a, stable microtubules are unbundledin the presence of WNT-7a; in control cultures growth
at spread regions of the axon shaft (arrow) and at the enlargedcones have a complexity value of 30.0 6 3.3, whereas
growth cone (arrowhead) (E and F). Bar, 25 mm.
in the presence of WNT-7a, their complexity is 43.8 6
4.0 (Figure 2F). These experiments demonstrate that
soluble WNT-7a induces similar changes in axonal and
Neuronal Remodeling Induced by WNT-7agrowth cone morphology as WNT-7a presented at a cell
Is Associated with Changessurface. More importantly, WNT-7a mimics much of
in Microtubule Organizationthe effect of GC-conditioned medium. GC-conditioned
To characterize in more detail the axonal remodelingmedium has a dramatic effect on both growth cone size
activity induced by WNT-7a and GC-conditioned me-and complexity whereas WNT-7a affects growth cone
dium, we examined the microtubule organization insize more than complexity. These results suggest that
mossy fibers. Cultures were immunolabeled with anti-GC-secreted WNT-7a may be an important factor for
acetylated tubulin to identify stable microtubules. Inthe regulation of mossy fiber morphology.
control cultures, microtubules form tight bundles alongTo test whether WNT-7a expressed by GCs contrib-
the axon shaft and few stable microtubules are present
utes to the axonal remodeling activity of GC-conditioned
at the small growth cones (Figures 3A±3C). In contrast,
medium, we blocked WNT function by adding the WNT
WNT-7a induces microtubule unbundling at spread axo-
antagonist, sFRP-1 (Finch et al., 1997; Rattner et al.,
nal areas and at enlarged growth cones (Figures 3D±3F).
1997). As a source of sFRP-1, we used conditioned GC-conditioned medium also induces microtubule un-
medium from transfected cells. Mossy fibers cultured bundling in mossy fibers (data not shown). These results
in GC-conditioned medium that had been incubated with show that mossy fiber axonal remodeling induced by
control GFP-conditioned medium have enlarged growth WNT-7a is associated with changes in the organization
cones and spread areas along the axon (Figures 2G and of stable microtubules.
2K). Neither GFP nor sFRP-1 conditioned medium have
any effect when added alone (data not shown). However,
the presence of sFRP-1 blocks the axonal remodeling Inhibition of GSK-3b by Lithium Mimics the Neuronal
activity of GCs by reducing growth cone size, but does Remodeling Induced by WNT-7a
not affect complexity (Figures 2H and 2K). sFRP-1 also The results described above show that WNT-7a pre-
blocks the axonal remodeling activity of WNT-7a on sented on a cell surface or as a soluble factor in con-
mossy fibers (Figures 2I, 2J, 2K, and 2L), reducing ditioned medium induces axonal and growth cone re-
growth cone size more than complexity. These results modeling in a similar manner to GC secreted factors.
suggest that WNT-7a, and possibly other WNT proteins, WNT-7a itself could have an axonal remodeling activity.
are the main factors that contribute to the axonal remod- Alternatively or in addition, WNT-7a could induce the
expression of other neuronal remodeling factors alsoeling activity of GCs.
WNT-7a and Neuronal Remodeling
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blocked by sFRP-1. A lack of purified WNT factors or
WNT-neutralizing antibodies (for details on the proper-
ties of WNT proteins, see http://www.stanford.edu/
zrnusse/wntwindow.html) means that we cannot distin-
guish between these two possibilities directly. There-
fore, to test whether mossy fiber remodeling is a direct
result of WNT-7a signaling, we activated a downstream
event in the WNT pathway using lithium. Lithium has
been shown to inhibit GSK-3b and so mimic WNT signal-
ing (Klein and Melton, 1996; Lucas and Salinas, 1997).
Therefore, we tested whether lithium could mimic the
effects of WNT-7a on mossy fibers. In the presence of
control medium containing 10 mM NaCl, mossy fiber
axons are thin with small, simple growth cones (Figures
4A±4C, 4G, and 4H). In the presence of 5 mM lithium,
axonal area increases by approximately 40% (p , 0.05)
and spreading is induced at regions along the axon shaft.
Higher concentrations of lithium (e.g., 10 mM) induce
the formation of larger spread areas along the axon
resulting in a 52% increase in axon area (Figures 4D±4F).
Growth cone size and complexity also increase with
increased concentrations of lithium (Figures 4G and 4H).
Addition of myo-inositol does not rescue the effect of
lithium on mossy fibers (data not shown) suggesting
that the effect of lithium is not due to inositol depletion
(Atack et al., 1995). As lithium directly inhibits GSK-3b
activity and mimics the effect of WNT-7a, we suggest
that axonal and growth cone remodeling in mossy fibers
can occur as a direct result of WNT-7a signaling. We
next examined the effect of lithium on mossy fiber micro-
tubule organization. In the presence of 10 mM NaCl,
stable microtubules form tight bundles (Figures 4A±4C).
In contrast, 10 mM LiCl increases microtubule un-
bundling along the axon, particularly at spread areas
and at the growth cone (Figures 4D and 4F). Addition
of myo-inositol does not rescue this effect of lithium
(data not shown). These results show that lithium mimics
WNT-7a and suggest that mossy fiber axonal remodel-
ing is mediated through the inhibition of GSK-3b.
Wnt-7a Null Mice Have Reduced Synapsin I Staining Figure 4. Inhibition of GSK3b by Lithium Mimics WNT-7a-Induced
at Their Glomerular Rosettes Remodeling of Mossy Fibers
To test whether WNT-7a influences mossy fiber devel- MFs were grown in medium containing 10 mM NaCl (A±C) or 10 mM
opment in vivo, we examined the Wnt-7a null mouse LiCl (D±F) and immunolabeled with anti-GAP-43 (A and D) and anti-
acetylated tubulin (B and E), merged images (C and F). In controlwhich was generated by gene targeting (Parr and McMa-
medium, stable microtubules are bundled along the axon shafthon, 1995). Wnt-7a null mice have ventralized limbs and
(A±C). In the presence of 10 mM LiCl, the MF axons thicken anda loss of distal digits (Parr and McMahon, 1995). This
develop spread regions (D, arrows) and growth cones increase in
phenotype is variable, with some animals having normal size and complexity (D, arrowhead). These changes are accompa-
digits but developing dorsal pads. Wnt-7a2/2 animals nied by microtubule unbundling within spread areas (E and F,
reach adulthood without an obvious neurological phe- arrows) and at enlarged growth cones (E and F, arrowhead). (G and
H) Quantification of growth cone size and complexity. Values arenotype (Parr and McMahon, 1995; A. C. H. and P. C. S.,
mean 6 SEM from three experiments, at least 60 neurons measuredunpublished data). We examined mice with a severe
in each experiment. Bar, 25 mm.limb patterning phenotypeÐthose with missing digits.
To identify the glomerular rosettes, we used synapsin I
staining (Figures 5A±5D). Due to the high level of presyn-
rosettes and plotted the percentage of rosettes fallingaptic proteins at mossy fiber axons, glomerular rosettes
within a range of sizes (Figures 5E±5H). The averageare visualized as highly labeled areas of synapsin I stain-
area of synapsin I in rosettes of young Wnt-7a mice ising in the Internal Granular Layer (IGL). In wild-type (wt)
smaller than that in control littermates. For example,P8 animals, numerous glomerular rosettes of various
53% of rosettes in the P8 wt are smaller than 40 mm2sizes can be visualized in the IGL. (Figures 5A and 5C).
whereas, in the Wnt-7a mutant, 77% are below this size.However, synapsin I±stained areas are smaller in the
Conversely, almost 20% of rosettes in control animalsWnt-7a mutant (Figures 5B and 5D). We measured the
area of synapsin I staining in P8, P10, P12, and P15 are larger than 60 mm2 whereas only 9% are this size in
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the Wnt-7a mutant (Figure 5E). At P10, the area of synap-
sin I in the Wnt-7a mutant rosettes is also significantly
smaller; 37.9% of Wnt-7a mutant rosettes have areas
of synapsin I smaller than 40 mm2, but only 20% of
rosettes in control animals are this size. About 52% of
P10 control rosettes have areas of synapsin I larger than
60 mm2, but only 29% are this size in the mutant (Figure
5F). At P12, there is a smaller, but still significant differ-
ence in the area of synapsin I staining between control
and mutant animals (Figure 5G). However, by P15, there
is no significant difference in synapsin I staining at ro-
settes between wt and Wnt-7a2/2 mice (Figure 5H).
These results show that Wnt-7a mutant mice have
smaller areas of synapsin I in early postnatal glomerular
rosettes (ANOVA, p , 0.001 at P8, P10, and P12). How-
ever, this effect is transient. Smaller areas of synapsin
I staining may indicate smaller rosettes or a delay in the
accumulation of synapsin I at rosettes. In either case,
these findings suggest that a lack of Wnt-7a results in
a delay in rosette maturation.
Delayed maturation of rosettes could be due directly
to the lack of WNT-7a acting on mossy fibers or, as
Wnt-7a is expressed during GC migration, it could be
due to a delay in GCs reaching the IGL and forming
contacts with mossy fibers. To distinguish between
these two possibilities, we examined the migration of
GCs from the external granular layer (EGL). A delay in
GC migration would result in a thicker EGL and a smaller
molecular layer. First, foliation of the cerebellum is nor-
mal in Wnt-7a null mice (data not shown), suggesting
that early cerebellar patterning is normal. Second, mi-
gration of GCs appears normal in Wnt-7a mutant mice
as the EGL decreases in size in a wt manner (data not
shown). No significant differences were detected in the
thickness or cell density of the EGL between Wnt-7a
mutants and littermates at P6 or P8 (data not shown).
These findings suggest that the smaller areas of synap-
sin I staining in Wnt-7a mutant cerebella are not due to
a delay in GC migration but instead reflect a delay in
the accumulation of synapsin I at the rosettes.
Glomerular Rosette Maturation Is Delayed
in WNT-7a Null Mice
The reduced area of synapsin I staining at rosettes in
Wnt-7a2/2 mice could be due either to the rosettes being
Figure 5. Young Wnt-7a Null Mice Have a Smaller Area of Synapsin
smaller or there being less synapsin I protein present.I Staining at the Glomerular Rosette
To distinguish between these possibilities, we examinedGlomerular rosettes of P8 mice from both control littermate (A and
glomerular rosettes by electron microscopy (EM) in P9C) and Wnt-7a null (B and D) show a variety in the area of synapsin
animals, an age at which we observed a significant dif-I staining. (C and D) Higher magnification views show that the Wnt-7a
mutant has more smaller areas of synapsin I staining at glomerular ference in the area of synapsin I staining. Rosettes within
rosettes. Arrows, big rosettes; arrowheads, small rosettes. cerebellar lobes VI and VII of two littermate pairs were
(E±H) The proportion of glomerular rosettes with a given area of examined. The area of mossy fibers at glomerular ro-
synapsin I staining at various ages. P8, P10, and P12 WNT-7a null
settes is not significantly different statistically in themice have significantly smaller regions of synapsin I staining than
Wnt-7a mutant compared to wt (ANOVA, p . 0.05). How-control littermates (ANOVA, p , 0.001). This difference becomes
ever, the complexity of rosettes was significantly re-smaller with increasing age; at P15, no statistically significant differ-
ence was observed. Values are mean 6 SEM from three indepen- duced in the absence of WNT-7a. In wt mice, the mossy
dently bred pairs of P8, P10 and P12 littermates and from two fiber axon ending is convoluted and GC dendrites often
P15 pairs. No significant differences in the density of the areas of interdigitate deeply into the folds of the mossy fiber
synapsin I staining were detected between littermate and Wnt-7a
growth cone (Figures 6A and 6C). In Wnt-7a2/2 and wtnull. Bars, 25 mm.
mice rosettes, several GCs are seen in contact with each
mossy fiber ending. However, the Wnt-7a2/2 mossy fiber
axonal ending is significantly less complex than wt. Mu-
tant mossy fibers are less convoluted and GC dendrites
WNT-7a and Neuronal Remodeling
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Figure 7. WNT-7a and Lithium Increase the Number of Synapsin I
Clusters in Mossy Fibers
(A) MFs cultured on a control monolayer express only a few clusters
of synapsin I along the axon shaft (arrows). (B) MFs grown on a
Wnt-7a-expressing cell monolayer express numerous synapsin I
clusters (arrows). MFs grown in control medium containing 10 mM
NaCl (C) express only a few synapsin I clusters (arrows) whereas,
in the presence of 10 mM LiCl (D), numerous and brighter synapsin
Figure 6. Glomerular Rosettes Are Less Complex in Wnt-7a Null
I clusters are induced (arrows). Bar, 25 mm.
Cerebella
(A and B) Electron micrographs of a P9 wt (A) and Wnt-7a null (B)
glomerular rosette. (C and D) Outlines of the MF terminal in the wt
increases the number of synapsin I clusters (Figures 7C(C) and Wnt-7a null (D) show that GCs interdigitate less frequently
and 7D). These in vitro results, taken together with theand less deeply into the folds of the MF in the Wnt-7a mutant
(asterisks). Wnt-7a rosettes are significantly less complex than wt analysis of the Wnt-7a mutant, indicate that WNT-7a
littermates (p , 0.05). Rosettes were analyzed from two indepen- regulates the accumulation of synapsin I at future mossy
dently bred littermate pairs (n 5 20 wt and 19 Wnt-7a null). MF, fiber synaptic sites in vivo.
mossy fiber terminal; GC, granule cell dendrite. Bar, 0.5 mm.
Discussion
do not interdigitate as deeply into its folds as in wt
The formation of the multisynaptic glomerular rosetterosettes (Figures 6B and 6D). The average complexity
requires interactions between a mossy fiber and severalof Wnt-7a null mossy fiber endings is 25.3 6 1.8 com-
GCs. Here we show that WNT-7a, secreted by GCs,pared to 31.1 6 1.6 in the wt mouse (ANOVA, p , 0.05).
plays a role in this process. Analysis of Wnt-7a null miceAs simple, less convoluted, mossy fiber endings are
shows that a deficiency in WNT-7a results in a delay incharacteristic of immature glomerular rosettes (Hamori
the morphological maturation of glomerular rosettes andand Somogyi, 1983), these findings indicate that a lack of
in the accumulation of synapsin I. Our findings supportWNT-7a causes a delay in the maturation of glomerular
the hypothesis that WNT-7a is a synaptogenic factor inrosettes.
the mouse cerebellum.
WNT-7a Induces Synapsin I Clustering
in Mossy Fibers Granule Cell Secreted Factor(s) and WNT-7a Induce
Axonal Remodeling in Mossy FibersWnt-7a mutant mice have smaller areas of synapsin I
staining at their glomerular rosettes. However, EM stud- Mossy fibers have a smooth and simple appearance as
they enter the future GC layer. However, they developies show that rosette area is not significantly different
between control and Wnt-7a2/2 animals. These results a much more complex morphology upon contact with
GCs (Hamori and Somogyi, 1983; Mason and Gregory,indicate that a lack of WNT-7a results in a decreased
accumulation of synapsin I at the rosettes. One predic- 1984). Studies of mouse mutants show that GCs can
regulate the morphology of mossy axons. For example,tion from this finding is that WNT-7a should increase
synapsin I clusters in mossy fibers. We tested this possi- mossy fibers in the anterior lobes of the meander tail
cerebellum, which lacks GCs, have smaller growthbility in cultured mossy fibers. In the absence of WNT-
7a, mossy axons contain a low level of synapsin I with cones than mossy fibers from normal posterior lobes
(Eisenman and Arlinghaus, 1991). In weaver, a GC-defi-very few visible clusters of the protein (Figure 7A). How-
ever, in the presence of WNT-7a, mossy fiber axons cient mutant, mossy fibers are small with a simple mor-
phology (Sotelo, 1975). Here we show that factors se-have an overall increase in synapsin I staining intensity
and numerous synapsin I clusters are present along the creted by GCs induce the moss-like appearance of
mossy fibers in vitro. GC-conditioned medium inducesaxon, particularly at spread areas (Figure 7B). This effect
seems to be mediated through GSK-3b as lithium also spreading at regions along the axon reminiscent of that
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observed in vivo at future ªen passantº synapses (Mason propose that WNT-7a, secreted by GCs, acts via the
inhibition of GSK-3b to alter the morphology of mossyand Gregory, 1984). In addition, GC-conditioned me-
dium increases mossy fiber growth cone size and com- fibers. WNT-7a signaling leads to microtubule un-
bundling in mossy axons. This microtubule reorganiza-plexity. These results suggest that the morphological
changes in mossy fibers seen in vivo could be regulated tion may be due to changes in the phosphorylation of
GSK-3b targets such as MAP-1B and Tau, involved inby GC-secreted factors.
GCs express Wnt-7a as they contact mossy fiber ax- microtubule assembly. Increased axonal spreading in-
duced by WNT-7a, lithium, or GC-conditioned mediumons and initiate the maturation of the glomerular rosette
(Lucas and Salinas, 1997). We find that WNT-7a, pre- occurs at areas where microtubule unbundling is ob-
served. Spread areas along the axon, reminiscent ofsented at a cell surface or in soluble form, increases
axon spreading, growth cone size and complexity in growth cones, have also been observed in neurons
treated with microtubule depolymerizing drugs (Bray etmossy fibers as we observed with GC-conditioned me-
dium. However, GC factors induce a greater increase in al., 1978), suggesting that the axonal remodeling in-
duced by WNT-7a is mainly due to changes in microtu-growth cone size and complexity than WNT-7a, possibly
due to a higher concentration of WNT-7a in the GC- bule organization.
The role of WNT factors in regulating microtubule or-conditioned medium or to the presence of other factors
that synergize with WNT-7a function. Whatever the case, ganization is not restricted to the CNS. Recent studies
in C. elegans have shown that the Wnt-GSK-3 signalingthe results show that WNT-7a can mimic GC-condi-
tioned medium. We were able to block the action of GC- pathway is required for correct mitotic spindle orienta-
tion (Rocheleau et al., 1997; Thorpe et al., 1997; Schle-conditioned medium and WNT-7a by using the WNT
antagonist, sFRP-1 (Finch et al., 1997; Rattner et al., singer et al., 1999). Thus, regulation of microtubule orga-
nization may also underlie WNT function in controlling1997; Wang et al., 1997), suggesting that WNT factors
contribute to the axonal remodeling activity of GCs. changes in cell fate and nonneuronal cell shape.
Remodeling of mossy fibers is important during glo-
merular rosette formation. Mossy fiber growth cones
change morphology as they interdigitate with GC den- WNT-7a Regulates Synapsin I Accumulation
at Glomerular Rosettesdrites to form the multilobulated, multisynaptic rosette
(Hamori and Somogyi, 1983). Wnt-7a null mice have glo- Wnt-7a mutant glomerular rosettes appear to contain
less synapsin I as they have smaller areas of synapsin Imerular rosettes of normal size but reduced complexity.
The mossy fiber is less convoluted and GC dendrites immunoreactivity than wt glomerular rosettes. The direct
action of WNT-7a on synapsin I accumulation was con-interdigitate less deeply into its folds. This appearance
is characteristic of an immature rosette (Hamori and firmed by studies in vitro showing that WNT-7a in-
creases the number of synapsin I clusters in mossySomogyi, 1983). The delay in rosette maturation is not
due to a delay in GC migration, even though normal GCs fibers. Clustering of synapsin I was particularly promi-
nent at spread areas of the axon, probably representingweakly express Wnt-7a just prior to their migration to
the IGL (Lucas and Salinas, 1997). Furthermore, there future synapses. Increased synapsin I clustering by
WNT-7a could be due to redistribution of synapsin Iare no significant changes in GC numbers in the EGL
or IGL. These findings, together with our in vitro studies, following changes in microtubule organization. As WNT-
7a has been shown to increase the level of synapsin Isupport a role for GC-secreted WNT-7a in the remodel-
ing of mossy fibers that occurs during glomerular rosette in GCs (Lucas and Salinas, 1997), we believe that WNT-
7a can increase both the level and clustering of synapsindevelopment.
GCs have been shown to express a ªstopº signal that I in neurons. Synapsin I is involved in synapse formation,
maturation, and in synaptic vesicle transport (Chin etinhibits mossy fiber axon outgrowth (Baird et al., 1992;
Zhang and Mason, 1998). We do not believe that GC- al., 1995; Rosahl et al., 1995). Thus, WNT-7a could regu-
late the formation of central synapses by changing thederived WNT-7a is this stop signal. The stop signal is
cell surface-mediated, whereas WNT-7a is a secreted level and localization of synapsin I. Both WNT-7a and
lithium increase the number of synapsin I clusters infactor. Wnt-7a is only expressed at low levels between
P4 and P7, instead reaching a peak of expression be- mossy fibers, suggesting that activation of the WNT
tween P15 and P22 when the stop signal is less potent pathway through GSK-3b is responsible. However, it
(Lucas and Salinas, 1997; Zhang and Mason, 1998). The remains to be determined how GSK-3b regulates synap-
stop signal could be required for the initial step in the sin I levels and distribution.
formation of mossy GC synapses. Subsequently, WNT- The delayed accumulation of synapsin I in Wnt-7a null
7a may induce the changes in mossy fiber morphology mice is transient. Synapsin I immunoreactivity is lower
necessary for glomerular rosette maturation. in P8 and P10 mutants, but this defect is less pro-
nounced at P12 and undetectable in P15 animals. A
possible explanation of this transient defect could beAxonal Remodeling Is Associated with Changes
due to the presence of factors that can compensate forin Microtubule Organization
the lack of WNT-7a. Compensatory mechanisms haveHow does WNT-7a induce changes in mossy fiber mor-
been observed among other WNT factors. For example,phology? WNT-7a has been shown to act via the inhibi-
analysis of the Wnt-1 and Wnt-1/Wnt-3a double mutantstion of GSK-3b to induce axonal remodeling in GCs
reveal that Wnt-3a can compensate for the lack of Wnt-1(Lucas and Salinas, 1997). Here we show that inhibition
function in dorsal areas of the neural tube (Ikeya etof GSK-3b by lithium mimics the effect of WNT-7a and
GC-conditioned medium on mossy fibers. Therefore, we al., 1997). In the mouse cerebellum, Wnt-7b, which is
WNT-7a and Neuronal Remodeling
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Experimental Procedureshighly homologous to Wnt-7a, is expressed in GCs dur-
ing the formation of glomerular rosettes (P. C. S., unpub-
Neuronal Cultureslished data). More importantly, WNT-7b also induces
Cerebellar GCs from P5 mice and DRGs from P1 mice (see Lucas
axonal spreading and growth cone enlargement in cere- and Salinas, 1997) were cultured in serum-free medium (SFM) for
bellar neurons (C. Gaston and P. C. S., unpublished 24 hr at a density of 7.5 3 105 cells/cm2. Conditioned media (CM)
data), suggesting that WNT-7b could compensate for from these cultures were used to treat pontine explants. Basilar
pontine nuclei from P1 mice were dissected, the meninges werethe lack of Wnt-7a function in the cerebellum. Future
removed, and the nuclei were cut into 8±10 small pieces of approxi-analysis of nonembryonic lethal Wnt mutants and dou-
mately 100 mm2 in size (Baird et al., 1992). The explants were thenble mutants may shed more light on the function of
cultured in SFM in Lab-Tek chamber slides (Nunc) that had been
WNTs in axonal remodeling and synaptogenesis. coated with poly-D-lysine (500 mg/ml) and laminin (50 mg/ml). After
overnight culture, explants were treated for 24 hr with either GC/
Is WNT-7a a Synaptogenic Factor? DRGs CM, CM from transfected QT6 cells, or lithium, depending on
the experiment.The axonal remodeling induced by WNT-7a suggests
that this signaling molecule has a different function
Expression of WNT-7a Proteinthan guidance molecules previously described (Tessier-
For coculture experiments, a monolayer of Wnt-7a-expressing cellsLavigne and Goodman, 1996). GC and mossy fiber axons
was used (see Lucas and Salinas, 1997). Basilar pontine explantsdo not respond to WNT-7a with increased axonal out-
were plated onto an established monolayer of Wnt-7a-expressing
growth as would be expected for an attractive signal, or mock-transfected cells and grown in SFM for 24 hr. To produce
nor does WNT-7a induce growth cone collapse like a WNT-7a CM, QT6 cells were transiently transfected with a pCS2
expression vector containing green fluorescent protein (GFP) cDNArepulsive signal. In contrast, WNT-7a reduces axonal
(control) or hemagglutinin-tagged Wnt-7a cDNA using the Ca21length (Lucas et al., 1998) and increases growth cone
phosphate method. Two days after transfection, QT6 cells weresize and axonal spreading with the subsequent accumu-
cultured in SFM for a further 16 hr and their CM filtered and immedi-lation of synaptic proteins. Thus, the behavior induced
ately added to pontine explants. WNT-7a protein in the CM was
by WNT-7a and the phenotype of Wnt-7a null mice have detected by Western blotting with an anti-hemagglutinin antibody
several features that one might predict for a synapto- (Boehringer Mannheim).
genic factor; namely, decreased axonal extension, in-
creased spreading at the growth cone when it reaches Blocking Experiments with sFRP-1
QT6 cells were transfected with Myc-tagged sFRP-1 cDNA ex-its target, and an increase in synaptic proteins at the
pressed in pRK5. GC or WNT-7a CM were incubated for 30 min atgrowth cone and spread areas of the axon.
room temperature with CM from control GFP-expressing andIn mammals, several factors that regulate synapse
sFRP-1 expressing QT-6 cells and then added to MFs and cultured
formation have been identified. At the neuromuscular for 24 hr. The presence of sFRP-1 in the medium was confirmed by
junction, secreted factors such as neuregulin and agrin, Western blotting using anti-c-myc antibody 9E10 (Sigma).
and the intracellular protein rapsyn, play roles in synap-
tic differentiation. Neuregulin regulates synapse-spe- Immunocytochemistry
Pontine explant cultures were fixed for 30 min at room temperaturecific transcription while agrin regulates postsynaptic dif-
using 4% paraformaldehyde/0.2% EM grade glutaraldehyde in PBS.ferentiation by inducing acetylcholine receptor (AChR)
The cultures were permeabilized with ascending ethanols, blockedclustering. In contrast, rapsyn increases protein cluster-
in PBS containing 5% horse serum, and immunolabeled overnighting on the postsynaptic muscle cell. Although some
using polyclonal anti-GAP-43, monoclonal anti-acetylated tubulin
factors have been postulated to regulate presynaptic (Sigma) or with monoclonal anti-synapsin I antibodies. Fluorescent
differentiation, their role in vivo remains to be demon- secondary antibodies (Vector) were used at 1:100 in PBS/block for
strated (for review, Burden, 1998; Sanes and Lichtman, 2 hr at room temperature.
1999). In the central nervous system, the mechanisms
Genotyping Wnt-7a2/2 Micecontrolling pre- and postsynaptic differentiation are
Wnt-7a null mice and wt littermates were obtained from heterozy-poorly understood. Peripheral membrane proteins such
gous crosses of mice kindly supplied by B. Parr and A. McMahon.as gephyrin, PSD-95, and related molecules cluster gly-
Genotypes were determined by four-primer PCR of tail DNA. Thecine and glutamate receptors at synapses (Kuhse et al.,
forward WNT-7a primer was (59-TTCTCTTCGGTGGTAGCTCTGG
1995; O'Brien et al., 1998). However, the extracellular GTG), the reverse WNT-7a primer (59-CTCCTTCCCGAAGACAGTA
molecules that regulate synaptic protein clustering re- CGCTCT), the forward Neo primer (59-GCCGCGCTGCCTCGTCCTG
main largely unknown. In addition, the signals that con- CAG), and the reverse Neo primer (59-GGTCCTCCGGAGCCCGG
CATTC). These primers yielded 198 bp wt and 290 bp mutant alleletrol growth cone size and remodeling prior to the assem-
products in a 35-cycle reaction (958C for 1 min, 558C for 30 s, 728Cbly of synapses have not been identified. We suggest
for 1 min).that WNT-7a functions as such a signal during mossy
fiber GC synaptogenesis. WNT-7a increases mossy fiber
Immunohistochemistry and Electron Microscopy
growth cone size and complexity and increases the level For glomerular rosette labeling, paraffin cerebellar sections were
of synaptic proteins at future presynaptic sites. This dewaxed, rehydrated, and incubated overnight with a monoclonal
action of WNT-7a may reflect a more widespread func- anti-synapsin I antibody, followed by the VECTASTAIN ABC-peroxi-
tion of WNT proteins, as several Wnt genes are ex- dase system (Vector). Areas of intense synapsin I staining in the IGL
identified glomerular rosettes. Weight-matched Wnt-7a2/2 mutantpressed in the CNS during axonal extension and synap-
and wt littermates from P8, P10, P12 and P15 were used. Threetogenesis (Salinas et al., 1994). Interestingly, expression
independently bred pairs were used at each stage of developmentof Wnt-7a and other Wnts in adult brain (Salinas et al.,
except for P15 when two pairs were used. For EM studies, whole
1994; Katoh et al., 1996; Wang and Shackleford, 1996; cerebella from two independently bred pairs of P9 animals were
Lucas and Salinas, 1997) suggests a possible role for fixed in cold 3% EM grade glutaraldehyde in 0.1 M phosphate buffer,
WNTs in regulating the plasticity of neuronal connec- pH 7.3. Small IGL regions from lobes VI and VII were dissected and
left in fixative at 48C for at least overnight. The tissue was processedtions throughout life.
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at the EM Unit of King's College London. Glomerular rosettes were mossy fibre synapses in the rat: a quantitative electron microscope
study. J. Comp. Neurol. 220, 365±377.identified by reference to Altman and Bayer (1997), using features
such as high density of vesicles in the MF and the presence of Hanger, D.P., Hughes, K., Woodgett, J.R., Brion, J.P., and Anderton,
numerous synaptic zones between the MF and surrounding GCs. B.H. (1992). Glycogen synthase kinase-3 induces Alzheimer's dis-
Glomerular rosettes from randomly selected fields were photo- ease-like phosphorylation of tau: generation of paired helical fila-
graphed and scanned into Adobe Photoshop 4.0. Note that these ment epitopes and neuronal localisation of the kinase. Neurosci.
criteria may lead to a failure to score some severely reduced rosettes Lett. 147, 58±62.
in Wnt-7a cerebella, thereby, if anything, reducing the magnitude Ikeya, M., Lee, S.M.K., Johnson, J.E., McMahon, A.P., and Takada,
of the difference observed. S. (1997). Wnt signaling required for expansion of neural crest and
CNS progenitors. Nature 389, 966±970.
Image and Statistical Analysis Katoh, M., Hirai, M., Sugimura, T., and Terada, M. (1996). Cloning,
Photographs were scanned into Adobe Photoshop 4.0 and analyzed expression and chromosomal localization of Wnt-13, a novel mem-
using the public domain NIH Image program (available at http:// ber of the Wnt gene family. Oncogene 13, 873±876.
rsb.info.nih.gov/nih-image). Statistical analysis was via analysis of Klein, P.S., and Melton, D.A. (1996). A molecular mechanism for the
variance (ANOVA). effect of lithium on development. Proc. Natl. Acad. Sci. USA 93,
8455±8459.
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